Tf 2 N = bis(trifluoromethanesulfonyl)amide) were prepared, and their ionic liquid properties, thermal properties, crystal structures, and magnetic properties were investigated. The melting points of the Tf 2 N salts were near room temperature, and decreased with increasing alkyl chain length up to n = 8 and then increased. The salts with PF 6 and NO 3 anions were also prepared. The melting points of the PF 6 salts were higher than 100 °C. Most of these salts exhibited phase transitions in the solid state. The sum of the entropies of the melting and solid phase transitions was nearly independent of the alkyl chain length for salts with short alkyl chains, whereas those for salts with longer alkyl chains (n ≥ 10 for Tf 2 N salts, n ≥ 6 for PF 6 salts) increased with increasing alkyl chain length. Crystal structure determinations revealed that the short chain salts form simple alternately packed structures of cations and anions in the solid state, and that the long chain salts form lamellar structures, in which the alkyl chains are aligned parallel between the layers. The effects of magnetic fields on crystallization of the paramagnetic ionic liquids were investigated, and revealed that the Tf 2 N salts with n = 4 exhibited magnetic orientation when solidified under magnetic fields. The magnetic orientation was shown to be a bulk phenomenon, and the importance of the magnetic anisotropy of the crystal structure was suggested in comparison with the response of other Tf 2 N salts.
Introduction
Ionic liquids are salts with melting points below 100 °C, and they are intriguing from the viewpoint of fundamental physical chemistry and electrochemistry. 1 N] 7b have been reported previously. A detailed investigation of magnetic phenomena in the latter salt is described here, and compared with those of other Tf 2 N salts.
Results and Discussion

Preparation and properties
The alkyloctamethylferrocenium salts were prepared according to Scheme 2.
Octamethylformylferrocene was reacted with Grignard reagents, and the resultant alcohols were reduced to give alkyloctamethylferrocenes as yellow-orange oils, which were further reacted with AgX (X = 
Melting points of Tf 2 N salts and their precursors
The melting points, melting entropies, and glass transition temperatures of the Tf 2 N salts are listed in Table 1 . The melting points are plotted in Fig n is the number of carbon atoms in the chain. This tendency is similar to that observed in ionic liquids of alkylimidazolium salts. 14 The melting points of the present salts are higher by 10-30 °C than those of The thermal properties of alkyloctamethylferrocenes, which are the precursors of the salts, were also examined ( Table 2) . They melted at around 20 °C, and exhibited glass transitions at around -85 °C when cooled from the liquid state. Crystallization was observed in the heating process from the glassy state, except for the pentyl and 1-pentenyl derivatives. It is interesting that the melting points of alkyloctamethylferrocenes (open circles) and their Tf 2 N salts (filled circles) are comparable ( Fig. 1 ).
The ratios of the melting points and glass transition temperatures (T g /T m ) for the alkyloctamethylferrocenes were 0.61-0.65. In the Tf 2 N salts, the glass transition was only observed in the pentenyl derivative [C5'Fc][Tf 2 N] (T g = -67 °C) when the liquid was cooled at a rate faster than 10 °C min -1 . The T g /T m ratio for this salt was 0.62. These ratios are consistent with the empirical relationship (T g /T m ≈ 2/3) known for general molecular compounds 15 and also for alkylimidazolium ionic liquids.
16 Table 1 Melting points (T m ), melting entropies (∆S m ), phase transition temperatures (T c1 , T c2 ), phase transition entropies (∆S c1 , ∆S c2 ), and the sums of the phase transition entropies (∆S total ) of the Tf 2 N, PF 6 , and NO 3 salts. The sums of the entropies of the melting and solid phase transitions for the Tf 2 N salts (∆S total ) are shown in Fig. 4 . The values for the salts with n = 3, 4, 5, and 6 were comparable (80-110 J K -1 mol -1 ), whereas the salt with n = 8 exhibited a much smaller value, and the salts with n ≥ 10 displayed an increase with elongation of the alkyl chain. For molecules consisting of a rigid core and alkyl chains, such as mesogens and alkylimidazolium ionic liquids, conformational changes of the alkyl chains provide an entropy change of about 10 J K -1 mol -1 per methylene unit. 18 The Tf 2 N salts with n ≥ 10 followed this tendency well, which indicates that the motion of the alkyl groups dominates the phase change entropies in these salts. The absence of such a tendency in the salts with n ≤ 6 is partly because the entropy contributions from the alkyl moieties are small in the short chain salts, and, moreover, is probably the result of different packing structures (vide infra). The total phase transition entropy in
, which is consistent with the loss of rotational freedom of two methylene groups.
It is interesting to note that the total phase transition entropies of alkyloctamethylferrocenes and the Tf 2 N salts are comparable ( Fig. 4 and belong to P-1, and the others belong to P2 1 /c. In the alkyl chains of the salts, the C-C bond adjacent to the Cp ring exhibited the gauche conformation, whereas the other bonds exhibited the trans conformation.
[C4Fc] [PF 6 ] exhibited disorder in the alkyl chains. The intramolecular Fe-C(Cp) bond lengths, of which Fe-C H was the shortest, were comparable to those of substituted octamethylferrocenium cations. 23 In all the salts, the C 5 axes of the ferrocenium moieties were aligned in nearly the same direction in the crystal. Weak hydrogen bonds were formed in the NO 3 and PF 6 salts between the ring hydrogen of the cation and the oxygen or fluorine atom in the anion ( Fig 
Magnetic properties of [C4Fc][Tf 2 N]
The Tf 2 N salts are paramagnetic ionic liquids containing magnetically anisotropic paramagnetic cations.
We investigated the effects of magnetic fields on their crystallization. A remarkable effect was found in two components in the sample, fully oriented fraction and non-oriented isotropic fraction, the ratio of the former fraction was calculated to be 0.61 from the susceptibility values.
The magnetic orientation was further investigated using ESR spectroscopy. In the ESR spectra of an oriented polycrystalline sample crystallized under 0.8 T, a sharp, symmetrical peak was observed below -233 °C for a parallel orientation of the magnetic fields for crystallization and ESR measurements ( and intensities of the g // and g ⊥ peaks were obtained by fitting the spectra, and then the peak areas of the angle-dependent and independent components were calculated from the simulated spectra for θ = 0° and θ = 90°, respectively. The ratio of the former component, which corresponds to the ratio of the oriented fraction, was 0.6. The value is again in good agreement with that estimated from the magnetic susceptibility data (0.61) as shown above.
Mechanism of magnetic orientation in [C4Fc][Tf 2 N]
To investigate the mechanism of the magnetic-field effect, the direction of the magnetic orientation was examined using powder X-ray diffraction (XRD) measurements. A liquid sample of [C4Fc][Tf 2 N] was placed on a glass plate and crystallized under the magnetic field (0.36 T) of a neodymium magnet placed below the plate. The XRD patterns showed a significant increase in the intensity of the peaks at 2θ = S6 in the ESI †), but the crystal structure was unchanged by the magnetic field. The peak at 2θ = 14.5°
was indexed as (200), which shows that the a-axis, along which the C 5 axis of the cation is oriented, is oriented along the magnetic field, in agreement with the magnetic anisotropy of the crystal. 7b In repeated experiments on the oriented samples, differences were observed in the relative peak intensities; this results from an in-plane distribution of the growth direction. The crystal growth pattern on the surface accompanying radial distribution was visually observable under a polarized optical microscope. The effect of sample shape on the magnetic response was also investigated. For liquid samples in fine tubes (inner diameter 0.2 mm) or in the form of thin layers (thickness 0.5 µm), no magnetic orientations were observed, even under 7 T. Magnetic orientation was also inhibited by adding quartz wool to the liquid. 7b In these circumstances, the orientation of the crystal growth may be affected largely by the surface rather than by the external fields. These results indicate that magnetic orientation is a bulk property, and that the phenomenon is not attributable to the orientation of independent molecules, but is more likely a result of orientation of the crystal nucleus or crystal growth direction during crystallization. This seems to be consistent with the less controllable response in a ferrocenium ionic These results show that not all ferrocenium ionic liquids show a magnetic orientation effect, despite the magnetic anisotropy of the molecule, and that the phenomenon is instead related to the crystal properties. The orientation mechanism is therefore significantly different from the well-known magnetic orientation of diamagnetic liquid crystal molecules. susceptibility change, the degree of which can be controlled by the strength of the applied field. These are unique magnetic switching properties not seen in other materials.
Conclusion
A series of alkyloctamethylferrocenium salts with Tf 2 N, PF 6 , and NO 3 anions In the salts with short alkyl chains, the sum of the phase change entropies is nearly constant, whereas the salts with longer alkyl chains display an entropy increase with elongation of the alkyl chain.
Crystal structure determinations revealed that the short chain salts exhibit alternate stacking of cations and anions, whereas the long chain salts form lamellar structures, where the alkyl chains are aligned between the layers. The effect of magnetic fields on crystallization of the Tf 2 N salts was investigated in detail. The magnetic orientation phenomenon in the salt with n = 4 upon crystallization originates from the magnetic anisotropy of the crystal structure, which is a bulk property. Further investigation of these functional liquids should lead to novel molecular electronic applications. 1 H NMR spectra were recorded using a JEOL JNM-ECL-400 spectrometer. Elemental analyses were performed using a Yanaco CHN MT5 analyzer. DSC measurements were performed using a TA Instrument Q100 calorimeter in the temperature range -180 to 210 °C at a rate of 10 °C min 
Preparation of PF 6 salts
[C4Fc] [PF 6 ]. In the dark, a solution of AgPF 6 (51 mg, 0.20 mmol) in acetone (5 mL) was added to a solution of butyloctamethylferrocene (55 mg, 0.16 mmol) in acetone (10 mL). After stirring the solution for a few minutes, the mixture was filtered via a syringe equipped with a membrane filter to remove silver deposits and unreacted AgPF 6 . Removal of the solvent from the filtrate under reduced pressure gave a solid, which was dissolved in CH 2 Cl 2 (10 mL) and washed with water. After drying the organic phase over magnesium sulfate, removal of the solvent gave the product as a dark-green solid (57 mg, 74% yield), which was recrystallized from ethanol (-50 °C). Green plate crystals. Anal. Calcd (%) for 
Preparation of NO 3 salts
[C6Fc] [NO 3 ]. In the dark, a solution of AgNO 3 (32 mg, 0.18 mmol) in water (2 mL) was added to a solution of hexyloctamethylferrocene (50 mg, 0.13 mmol) in acetone (2 mL) under stirring. After stirring for a few minutes, silver deposits and unreacted AgNO 3 were removed by filtration. The solvent was evaporated under reduced pressure, and the residue was dissolved in CH 2 Cl 2 (50 mL) and washed with water (50 mL). The organic layer was dried over magnesium sulfate, and evaporation of the solvent under reduced pressure gave the product as a green powder in 85% yield; it was recrystallized from
Magnetic measurements
Magnetic measurements were carried out using a Quantum Design MPMS-XL7 SQUID susceptometer;
30-60 mg of samples were loaded in a quartz tube and used for the measurements. Samples of 
X-ray structure determination
Single crystals for X-ray structure determination were obtained by recrystallization. 
Figure Captions
Scheme 1 Structural formulae of alkyloctamethylferrocenium salts prepared in this study. Abbreviations for the salts are also shown.
Scheme 2 Scheme for preparation of alkyloctamethylferrocenium salts. 
Preparation of alkyloctamethylferrocenes
Alkyloctamethylferrocenes were prepared in a similar manner to that described for propyloctamethylferrocene in the text, and the data are shown below. Figure S1 . When cooled from the melt, crystallization occurred at around -2.3 °C to give phase I, and with further cooling, a phase transition to phase II occurred at around -11.5 °C (∆S = 44.2 J K -1 mol -1 ). In the heating run, phase I melted at 20.2 °C ( Figure S1c ), but an unprecedented, exothermal transition to phase III often occurred (Figures S1a and S1b). In the heating run, a transition from phase II to III occurred at -8.5 °C ( Figure S1a ). In the run shown in Figure S1b , a transition from phase II to I occurred at 0.4 °C, followed by an exothermal transition to phase III, which melted at 30.0 °C. 
Figures
